Acyl-CoA:glycerol-3-phosphate acyltransferase (GPAT) catalyzes the first step during de novo synthesis of triacylglycerol. It has been well recognized that mammals possess multiple enzymatically distinct proteins with GPAT activity. Although the mitochondrialassociated GPAT has been cloned and extensively characterized, the molecular identity of the endoplasmic reticulum (ER)-associated GPAT, which accounts for the majority of total GPAT activity in most tissues, has remained elusive. Here we report the identification of genes encoding human and mouse ER-associated GPAT (termed GPAT3). GPAT3 is a member of the acyltransferase family predominantly expressed in tissues characterized by active lipid metabolism, such as adipose tissue, small intestine, kidney, and heart. Ectopic expression of GPAT3 leads to a significant increase in N-ethylmaleimide-sensitive GPAT activity, whereas acyltransferase activity toward a variety of other lysophospholipids, as well as neutral lipid substrates, is not altered. Overexpression of GPAT3 in mammalian cells results in increased triacylglycerol, but not phospholipid, formation. GPAT3 is localized to the ER when overexpressed in COS-7 cells. GPAT3 mRNA is dramatically up-regulated during adipocyte differentiation, is reciprocally regulated in adipose tissue and liver of ob/ob mice, and is up-regulated in mice treated with a peroxisome proliferator-activated receptor ␥ (PPAR␥) agonist. A substantial loss of GPAT activity in 3T3-L1 adipocytes was achieved by reducing GPAT3 mRNA levels through GPAT3-specific siRNA knockdown. These findings identify GPAT3 as a previously uncharacterized triacylglycerol biosynthetic enzyme. Similar to other lipogenic enzymes, GPAT3 may be useful as a target for the treatment of obesity.
S
ynthesis of triacylglycerol (TAG) is a fundamental metabolic pathway important for energy storage and utilization, nutrient absorption, lactation, and phospholipid metabolism (1) (2) (3) (4) . In mammals, there are two main biochemical pathways for TAG biosynthesis: the monoacylglycerol (MAG) pathway, which plays an important role in nutrient absorption in the small intestine, and the glycerol-3-phosphate (G3P) pathway, which is responsible for the majority of de novo TAG synthesis. AcylCoA:glycerol-3-phosphate acyltransferase (GPAT, EC 2.3.1.15) catalyzes the initial step of de novo TAG synthesis by converting G3P to lysophosphatidic acid (LPA). LPA is then acylated to form phosphatidic acid, followed by dephosphorylation to diacylglycerol (DAG). The MAG and the G3P pathways share a common last step, the conversion of DAG to TAG, catalyzed by acyl-CoA:DAG acyltransferase (DGAT).
In mammals, GPAT activity exists in multiple isoforms, which can be distinguished by subcellular localization (mitochondrial vs. microsomal), sensitivity to N-ethylmaleimide (NEM), and substrate preference (1, 2, 5) . The gene encoding the mammalian mitochondrial NEM-resistant GPAT1 (mtGPAT1, GPAM) was identified a decade ago and was shown to play a key role in liver TAG synthesis (6) (7) (8) . Although initial reports suggested that mtGPAT1-deficient mice have decreased adipose tissue mass (6) , more recent studies found little effect of mtGPAT1 deficiency on the development of obesity (7) . It is likely that GPAT isoforms other than mtGPAT1 contribute to lipogenesis in adipose tissue.
The mammalian NEM-sensitive microsomal GPAT activity was demonstrated to account for 80-90% of total GPAT activity in most tissues and 50-80% of total activity in liver (1) . In contrast to a relatively modest increase in mitochondrial GPAT activity, microsomal GPAT activity is dramatically induced during adipocyte differentiation (8, 9) . Although considerable attempts have been made to purify microsomal GPAT from various species (10) (11) (12) (13) , the gene(s) encoding NEM-sensitive GPAT activity in mammalian tissues have not yet been identified.
Here, we report the identification of human and mouse genes encoding microsomal proteins with GPAT activity. We demonstrate that overexpression of these genes confers NEM-sensitive GPAT activity and increases TAG formation. We also show that these genes are expressed and regulated in a manner suggesting an important role in lipogenesis, and that the mouse gene encodes a significant portion of GPAT activity in 3T3-L1 adipocytes. Our findings open the door to in vivo studies addressing the role of microsomal GPAT in normal physiology and in pathological disease states.
Results

Identification of Candidate Genes for Microsomal GPAT.
To identify genes that might encode microsomal GPAT activity, we used the following criteria: (i) the gene should be a member of the acyltransferase family, (ii) the mRNA should be abundantly expressed in tissues where glycerolipids are actively metabolized, (iii) the mRNA should be up-regulated during 3T3-L1 adipocyte differentiation (8, 9) , and (iv) the calculated molecular mass might be Ϸ45 kDa (13) . Using a seed-alignment sequence derived from the previously described glycerolipid acyltransferase motif (PF01553) (1), we performed a sequence homology search of public databases, which generated an acyltransferase data set. In parallel, we used transcriptional profiling to identify genes up-regulated during 3T3-L1 adipocyte differentiation and highly expressed in adipose tissue. Comparison of the two data sets identified a previously uncharacterized mouse gene (GenBank accession no. NM172715), fulfilling all four criteria listed above. A closely related human gene, MGC11324 (GenBank accession no. NM032717), was also identified. These genes are designated in the present study as mouse GPAT3 and human GPAT3 (mGPAT3 and hGPAT3).
§ The mouse and human genes encode 438-and 434-aa proteins, respectively, sharing 95% identity [supporting information (SI) Fig. 8 ]. Both proteins are predicted to be integral membrane proteins with at least two transmembrane domains (Fig. 8 ) and contain all four conserved acyltransferase motifs within a 133-aa domain as revealed by comparison with mtGPAT1 and acyl-CoA-acyl-glycerol-3-phosphate acyltransferase 1 (AGPAT1) (Fig. 1) . Despite the presence of the acyltransferase motifs, hGPAT3 and mGPAT3 have Ͻ15% sequence identity with mtGPAT1 and previously identified yeast and plant GPATs (14, 15) (data not shown).
Demonstration of GPAT Activity. To determine whether the newly identified genes encode proteins with GPAT activity, we overexpressed native and N-terminally Flag-tagged mGPAT3 and hGPAT3 in Sf-9 cells. Western blot analysis using anti-FLAG antibody confirmed expression and showed an apparent molecular mass of Ϸ50 kDa for both proteins, consistent with the predicted molecular masses of 49.9 and 49.5 kDa (Fig. 2A) . GPAT activity was initially assessed in cell lysates by using a conventional extraction method that measures incorporation of [ 3 H]G3P into butanol-extractable products (8, 16) . We initially § The gene encoding microsomal GPAT activity reported in this study is named GPAT3 to avoid potential confusion with the previously reported mtGPAT1 (8) and mtGPAT2 (5). used Lauroyl-CoA as an acyl donor, because recombinant mtGPAT1 showed a preference for Lauroyl-CoA over longer acyl-CoA species (data not shown). Lysates from Sf-9 cells overexpressing mGPAT3 or hGPAT3 showed a significant increase in the formation of butanol-extractable radiolabeled lipids, compared with wild-type cells or cells overexpressing human DGAT1 (Fig. 2B ). To directly demonstrate formation of LPA, the product of the GPAT reaction, we separated lipids by thin-layer chromatography (TLC). Using [ 14 C]G3P as the radiolabeled substrate, formation of LPA was enhanced 2.5-and 4.2-fold in lysates from cells overexpressing mGPAT3 and hGPAT3 (Fig. 2C Left) . Similarly, using [ 14 C]Lauroyl-CoA as radiolabeled substrate, formation of LPA was increased 1.8-and 3.0-fold, respectively (Fig. 2C Right) . No LPA formation was observed in samples lacking either one of the substrates (''-AcylCoA'' and ''-G3P'' lanes, Fig. 2C ). TLC separation also showed the presence of several non-LPA lipids derived from either [ 14 C]G3P or [
14 C]Lauroyl-CoA (e.g., upper bands in Fig. 2C ), which may represent products of endogenous enzymes in insect cells. The presence of these non-LPA lipids in the butanol extract likely accounts for the higher background and decreased sensitivity of this method. Thus, GPAT activity was assessed by TLC separation in all subsequent experiments. Formation of LPA increased in a substrate concentration-dependent manner for both [ 14 C]G3P and Lauroyl-CoA and was significantly higher in hGPAT3-expressing cells compared with controls at all concentrations tested (Fig. 2D ). hGPAT3-dependent LPA formation decreased at very high concentrations of acyl-CoA (Fig. 2D) , similar to what has been reported for mtGPAT1 (8) . The maximal hGPAT3-dependent increase in LPA formation corresponded to Ϸ100 pmol/min per mg protein with half-maximal activity reached at Ϸ25 M Lauroyl-CoA and Ϸ80 M G3P (Fig.  2D) . It is important to note that our assay was performed by using a nonpurified system; variations in activity and fold increase (2.5-to 10-fold; average 6-fold) among experiments likely reflect differences in expression levels among different preparations. We also overexpressed hGPAT3 in HEK293 cells and saw a similar, although on average less-pronounced, increase in LPA formation compared with control cells (Ϸ3-fold increase; Ϸ100 pmol/min per mg) (Fig. 2E Right) . Importantly, the fold increase observed upon GPAT3 overexpression was comparable to the one observed with mtGPAT1 (2.7-vs. 3.8-fold; Fig. 2E  Right) .
Microsomal GPAT activity has been shown to be sensitive to NEM (1) . Pretreatment of either Sf-9 or HEK293 lysates with NEM completely abolished the increase in LPA formation conferred by hGPAT3 overexpression (Fig. 2 E) , whereas mtGPAT1-dependent LPA formation was not affected by NEM (Fig. 2E Right) . Sequence alignment of GPAT3 orthologs from different species revealed several conserved cysteine residues not shared by mtGPAT1 that may account for the NEM sensitivity of GPAT3 (data not shown). In addition to Lauroyl-CoA, GPAT3 also recognizes a broad range of long-chain fatty acyl-CoA, including both saturated and unsaturated species, as acyltransferase donors, as evidenced by an hGPAT3-dependent increase in LPA formation (Fig. 2F) . Importantly, acyltransferase activity conferred by GPAT3 overexpression is specific toward G3P, because no significant increase in product formation was observed when LPA, lysophosphatidylcholine, lysophosphatidylserine, lysophosphatidylglycerol, MAG, or DAG were presented as substrates (Fig. 2G ).
Ectopic Expression of GPAT3 Increases TAG, but Not Phospholipid, Formation in Mammalian Cells. To further investigate the role of GPAT3 in TAG and/or phospholipid synthesis, we measured the incorporation of [ 14 C]oleic acid into lipids in intact HEK 293 cells overexpressing mGPAT3 or hGPAT3 (Fig. 3) . Formation of labeled TAG was significantly (Ϸ3-to 4-fold) increased in GPAT3 overexpressing cells compared with control cells (Fig.  3A) , whereas no increase in phospholipid formation was observed (Fig. 3B) . Overexpression of GFP or other proteins such as adiponutrin did not increase TAG synthesis under the same experimental conditions (data not shown). The increase in TAG formation upon GPAT3 overexpression was similar in magnitude to the increase observed upon overexpression of DGAT1 or mtGPAT1 (Fig. 3A) . These data indicate that GPAT3 functions in the TAG biosynthetic pathway.
GPAT3 Is Localized to the Endoplasmic Reticulum (ER).
To examine the subcellular localization of GPAT3, we overexpressed Flagtagged mGPAT3 in COS-7 cells. By immunofluorescence, mGPAT3 displayed a perinuclear staining pattern (Fig. 4A a and  d) that was distinct from the staining of a mitochondrial marker (MitoTracker Red CMXRos) but colocalized well with an ER marker (Calnexin) (Fig. 4A) . Although the calnexin/GPAT3 staining was reticular in some cells, the cells exhibiting the brightest GPAT3 staining showed the presence of Calnexin/ GPAT3-labeled cisternae, possibly ref lecting an effect of GPAT3 overexpression on ER morphology. Similar results were achieved with hGPAT3 (data not shown). To further investigate the subcellular localization of GPAT3, we generated subcellular fractions enriched for mitochondria and microsomes using differential sedimentation of HEK293 cell membranes overexpressing FLAG-tagged hGPAT3 or untagged mtGPAT1. Western blotting showed enrichment of the mitochondrial marker prohibitin in the mitochondrial fraction, whereas the ER marker Calnexin was enriched in the microsomal fraction (Fig. 4B) . FLAG-tagged hGPAT3 showed a fractionation pattern similar to Calnexin (Fig. 4B) , consistent with ER localization. The increase in GPAT activity in lysates from hGPAT3 and mtGPAT1 overexpressing cells was similar (Ϸ2-fold compared with control, Fig. 4 C and D) . mtGPAT1-overexpressing cells showed the largest increase in activity in the mitochondrial fraction, whereas GPAT activity was increased primarily in the microsomal fraction in hGPAT3 overexpressing cells (Fig. 2 C  and D) . These findings are consistent with GPAT3 being an ER-localized enzyme.
Tissue Distribution of GPAT3 mRNA in Mouse and Human. As detected by Taqman real-time RT-PCR, mGPAT3 mRNA was most abundant in epididymal fat, followed by small intestine, brown adipose tissue, kidney, heart, and colon within the tissues included in this study (Fig. 5A ). In humans, GPAT3 mRNA was most highly expressed in kidney, heart, skeletal muscle, thyroid gland, and testis. Significant levels were also found in lung and adipose tissue (Fig. 5B) . No major alternative splice variants of mGPAT3 and hGPAT3 genes were found by database searching or Northern blot analysis (data not shown). Interestingly, the level of GPAT3 mRNA in both mouse and human liver was low, possibly suggesting the existence of additional genes that encode liver microsomal GPAT activity. With the exception of small intestine, liver, and lung, mGPAT3 shows a tissue distribution similar to mouse mtGPAT1, whereas human mtGPAT1 is strikingly abundant in adipose tissue (SI Fig. 9 ).
GPAT3 Accounts for a Significant Portion of GPAT Activity in 3T3-L1
Adipocytes. Microsomal GPAT activity is known to be significantly (Ϸ70-fold) increased during differentiation of 3T3-L1 preadipocytes to adipocytes (8, 9) . We found that GPAT3 mRNA was increased Ϸ60-fold in 3T3-L1 adipocytes compared with preadipocytes (Fig. 6A) , concomitant with a similar increase in GPAT activity (data not shown). Depletion of mGPAT3 in differentiated 3T3-L1 adipocytes using RNAi oligonucleotides resulted in a decrease in mGPAT3 mRNA by Ϸ60% (Fig. 6B ) and a concomitant decrease in GPAT activity by Ϸ55% (Fig. 6C) , compared with cells transfected with nontargeting control RNAi oligonucleotides. A significant decrease in GPAT3 mRNA as well as GPAT3 activity was also observed with two additional siRNA oligonucleotides targeting GPAT3 (data not shown). These data suggest that a significant part of the GPAT activity in differentiated 3T3-L1 adipocytes is due to GPAT3 expression. decreased in adipose tissue (Fig. 7A ) and significantly increased (2-fold) in liver (Fig. 7B ) of ob/ob mice. PPAR␥ agonists such as rosiglitazone induce expression of the lipogenic program in adipose tissue (17) . Treatment of ob/ob mice with rosiglitazone for 21 days induced expression of mGPAT3 mRNA in white adipose tissue 4.5-fold (Fig. 7C ). mtGPAT1 and DGAT1 mRNA also showed a large increase during 3T3-L1 differentiation (8, 18) (SI Fig. 10 A and E) and a significant down-regulation in adipose tissue of ob/ob mice (SI Fig. 10 B and F) . The downregulation of mRNA for DGAT1 and other genes involved in lipogenesis in ob/ob white adipose tissue has been reported and has been attributed to dedifferentiation of adipose tissue in ob/ob mice (19, 20) . In contrast to GPAT3, the expression levels of mtGPAT1 and DGAT1 did not change in the liver of ob/ob mice or in adipose tissue upon rosiglitazone treatment (SI Fig. 10 C, D, G, and H). Taken together, the regulation of GPAT3 mRNA supports a role for this enzyme in lipogenesis.
Regulation of GPAT3 in
Discussion
Although the existence of NEM-sensitive microsomal GPAT activity has been known for many decades, this report identifies genes encoding this activity in mammals. Several lines of evidence suggest that the human and mouse genes we named GPAT3 indeed encode a microsomal GPAT. First, GPAT3 contains all four conserved motifs that are found in most acyltransferases involved in glycerolipid metabolism. Second, recombinant GPAT3 expressed in insect or mammalian cells exhibits NEM-sensitive GPAT activity. Importantly, expression of recombinant GPAT3 specifically increased acylation of G3P, but not LPA, other lysophospholipids, MAG, or DAG. Recognition of a wide variety of acyl-CoA species, including both saturated and unsaturated, is also in line with the reported characteristics of microsomal GPAT. Third, GPAT3 was localized to the ER but not to mitochondria. Fourth, GPAT3 mRNA was up-regulated during 3T3-L1 adipocyte differentiation, consistent with the reported up-regulation of microsomal GPAT activity in this cell line. Finally, GPAT3 mRNA and GPAT activity in differentiated adipocytes was significantly decreased by siRNA directed against GPAT3, suggesting that GPAT3 accounts for a significant portion of the increased GPAT activity. These findings establish GPAT3 as a microsomal GPAT. The product of the GPAT reaction, LPA, is an intermediate in both phospholipid and TAG synthesis. Here we show that GPAT3, when overexpressed, selectively increases TAG synthesis and does not affect synthesis of phospholipids. A function for GPAT3 in TAG synthesis is further supported by the pattern of GPAT3 mRNA expression and regulation. Similar to DGAT1 and mtGPAT1, GPAT3 mRNA is highly expressed in white adipose tissue, is up-regulated during adipocyte differentiation, and is down-regulated in the adipose tissue of ob/ob mice. In addition, GPAT3 mRNA is increased in white adipose tissue of mice treated with the PPAR␥ agonist rosiglitazone, which is known to induce expression of lipogenic genes (17) and is significantly up-regulated in livers of ob/ob mice, a model of hepatic steatosis. It remains to be determined whether additional microsomal GPAT isoforms exist that are primarily responsible for phospholipid synthesis.
Obesity, type 2 diabetes, dyslipidemia, and atherosclerosis are closely associated with alterations in TAG and fatty acid synthesis, and enzymes such as DGAT1, acetyl-CoA carboxylase 2, and stearoyl-CoA desaturase 1 have emerged as important therapeutic targets for treating these conditions (21) (22) (23) (24) . Microsomal GPAT has similarly been suggested as a possible therapeutic target for obesity, type 2 diabetes, and dyslipidemia (25) ; however, the lack of molecular knowledge so far has hampered efforts to pursue this activity as a target. Our findings open the door to evaluate the role of microsomal GPAT in the pathophysiology of obesity, type 2 diabetes, and related disorders, and to determine whether GPAT3 might be a target for treating these diseases.
Materials and Methods
Bioinformatic Analysis. A profile hidden Markov model was generated by using the Pfam glycerophosphate acyltransferase model (PF01553) (26) and recently reported yeast ER-bound GPATs (15) . This profile was then queried against SwissPort/ TrEMBL (27), RefSeq (28), Ensembl (29) , and human and mouse genome databases to retrieve a list of sequences containing the glycerophosphate acyltransferase domain. A nonredundant set was generated by filtering out duplicates and alternative splice variants.
Cloning and Expression of GPAT3. Full-length mGPAT3 and hGPAT3 coding sequences with or without an in-frame Nterminal FLAG epitope (MDYKDDDDL) were cloned into pPCRscript Amp SK(ϩ) vector (Stratagene, La Jolla, CA) by PCR amplification from mouse 17-day embryo and human leukocyte cDNA libraries (BD Biosciences, Franklin Lakes, NJ). The cDNA inserts were subsequently cloned into the mammalian expression vector pcDNA3.1(ϩ)/Hygro or into the pFastBac1 vector to generate recombinant baculovirus for insect cell expression using the Bac-to-Bac baculovirus expression system (BD Biosciences). The human DGAT1 and mtGPAT1 clones were generated as described (18, 30) . Mammalian cells were transiently transfected by using Fugene 6 (Roche Diagnostics, Indianapolis, IN). For expression in insect cells, Sf-9 cells were infected with recombinant baculovirus at an optimal multiplicity of infection for 64 h. Cell pellets were harvested in ice-cold PBS and lysed by sonication, and total lysate was used immediately for activity assay. For subcellular fractionation, cells were lysed by using nitrogen decompression (Parr Instrument Company, Moline, IL), followed by differential centrifugation at 8,000 ϫ g (mitochondrial fraction) and 100,000 ϫ g (microsomal fraction). Protein concentration was determined by a Bio-Rad (Hercules, CA) protein assay with BSA as a standard.
Acyltransferase Activity Assays. GPAT activity assay by 1-butanol extraction was performed as described (8, 16) 
